Parathyroid hormone (PTH) regulates the transcription of many genes in the osteoblast. One of these genes is Mmp13, which is involved in bone remodeling and early stages of endochondral bone formation. Previously, we reported that PTH induces Mmp13 transcription by regulating the dissociation of histone deacetylase 4 (HDAC4) from runt-related transcription factor 2 (Runx2), and the association of the HATs, p300, and p300/CREB binding protein (CBP)-associated factor. It is known that, in addition to Runx2, HDAC4 binds to the transcription factor, myocyte-specific enhancer factor 2c (MEF2C), and represses its activity. In this work, we investigated whether MEF2C participates in PTH-stimulated Mmp13 gene expression in osteoblastic cells and how it does so. Knockdown of Mef2c in UMR 106-01 cells repressed Mmp13 messenger RNA expression and promoter activity with or without PTH treatment. Chromatin immunoprecipitation (ChIP) assays showed that MEF2C associated with the Mmp13 promoter; this increased after 4 hours of PTH treatment. ChIP-reChIP results indicate that endogenous MEF2C associates with HDAC4 on the Mmp13 promoter; after PTH treatment, this association decreased. From gel shift, ChIP, and promoter-reporter assays, MEF2C was found to associate with the activator protein-1 (AP-1) site without directly binding to DNA and had its stimulatory effect through interaction with c-FOS. In conclusion, MEF2C is necessary for Mmp13 gene expression at the transcriptional level and participates in PTH-stimulated Mmp13 gene expression by increased binding to c-FOS at the AP-1 site in the Mmp13 promoter. The observation of MEF2C interacting with a member of the AP-1 transcription factor family provides knowledge of the functions of HDAC4, c-FOS, and MEF2C. (Endocrinology 158: 3778-3791, 2017) P arathyroid hormone (PTH) is an essential regulator of calcium homeostasis. It has multiple actions, including indirect activation of the osteoclast through osteoblastic production of receptor activator of nuclear factor-kB ligand (1, 2), resulting in increased bone resorption as well as many direct changes in the functions of the osteoblast. Besides the stimulation of the production of receptor activator of nuclear factor-kB ligand, PTH increases the production of proteases such as matrix metalloproteinase-13 (MMP13, also called collagenase-3). MMP13 is a member of the large family of matrix metalloproteinases, is expressed in terminal hypertrophic chondrocytes and trabecular osteoblasts, and is thought to be involved in endochondral ossification and bone remodeling (3, 4). Mmp13 gene expression is highly stimulated by PTH in osteoblastic cells (5, 6) as well as in vivo (7). In fact, Zhao et al. (8) have shown that PTHelicited bone resorption and calcemic responses are diminished in mice whose cleavage site of type I collagen was mutated. Previous work from our laboratory has shown that the runt domain (RD) and activator protein-1 (AP-1) sites in the proximal promoter region are essential
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arathyroid hormone (PTH) is an essential regulator of calcium homeostasis. It has multiple actions, including indirect activation of the osteoclast through osteoblastic production of receptor activator of nuclear factor-kB ligand (1, 2) , resulting in increased bone resorption as well as many direct changes in the functions of the osteoblast. Besides the stimulation of the production of receptor activator of nuclear factor-kB ligand, PTH increases the production of proteases such as matrix metalloproteinase-13 (MMP13, also called collagenase-3). MMP13 is a member of the large family of matrix metalloproteinases, is expressed in terminal hypertrophic chondrocytes and trabecular osteoblasts, and is thought to be involved in endochondral ossification and bone remodeling (3, 4) . Mmp13 gene expression is highly stimulated by PTH in osteoblastic cells (5, 6) as well as in vivo (7) . In fact, Zhao et al. (8) have shown that PTHelicited bone resorption and calcemic responses are diminished in mice whose cleavage site of type I collagen was mutated. Previous work from our laboratory has shown that the runt domain (RD) and activator protein-1 (AP-1) sites in the proximal promoter region are essential for PTH stimulation of Mmp13 promoter activity (9) (10) (11) . At the Mmp13 promoter in osteoblastic cells, runt-related transcription factor 2 (Runx2) binds histone deacetylase 4 (HDAC4) at the RD binding site, resulting in a repression of transcription under basal conditions (12) . After PTH treatment, HDAC4 dissociates from Runx2,which is then free to recruit HATs, especially p300 and p300/CBPassociated factor (P/CAF) to activate transcription (13, 14) . However, transcriptional regulation of Mmp13 expression by PTH in osteoblasts is not completely understood. Although myocyte enhancer factor 2C (MEF2C) proteins were originally studied in their role as transcriptional regulators of myogenic cells that interact with other transcriptional factors, it has been reported that MEF2C proteins control bone development and chondrocyte hypertrophy (15) as well as bone mass by regulation of osteoclastic bone resorption (16) . MEF2C is expressed in osteoblastic cells and is a key osteoblast transcription factor, upstream of Runx2 and osterix (17) . MEF2 proteins belong to the evolutionarily ancient MADS (MCM1, agamous, deficients, SRF) family of transcription factors. There are four MEF2 members: MEF2A, MEF2B, MEF2C, and MEF2D. The N-terminal MADS box is flanked by an MEF2 domain, both of which together mediate DNA binding, dimerization, and interaction with transcriptional cofactors. HDAC4 has been shown to associate with MEF2C as well as Runx2 and represses MEF2C activity in cardiomyocytes (18) . The C-terminus regions of MEF2 proteins function as transcriptional activation domains (19, 20) . In the rat osteoblastic UMR 106-01 cells, Mef2c is the most highly expressed of the four Mef2 genes (21) . In the present work, we investigated whether the transcription factor, MEF2C, participates in PTH-stimulated Mmp13 gene expression in osteoblastic cells and how it does so.
Materials and Methods

Cell culture and transient transfection
Rat osteoblastic UMR 106-01 cells were maintained in modified Eagle medium (MEM) supplemented with nonessential amino acids, 100 U/mL penicillin, 100 mg/mL streptomycin, and 5% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. For transfection, cells were seeded at a density of 10 6 cells/100 mm dish or 2 3 10 5 cells/well of a six-well plate 24 hours before transfection. Plasmids were transfected using GeneJammer transfection reagent (Stratagene, San Diego, CA). For small interfering RNA (siRNA) transfection, X-tremeGENE siRNA transfection reagent (Roche Applied Science) was used according to the manufacturer's protocol. siRNA oligos were purchased from EZBioLab (Carmel, IN). Cells were cultured at 37°C in a CO 2 incubator for 48 to 72 hours before harvest. Cells were treated with 10 28 M PTH-(1-34) for 4 hours and collected for RNA analysis.
Mouse primary calvarial cell isolation and transient transfection
Mouse primary osteoblasts were derived from postnatal day 2 wild-type mouse calvariae by digestion for 30 minutes at 37°C in 1 mg/mL collagenase A in MEM. Cells from the first and second digests were discarded. Cells from the final digest were collected and plated at 0.4 3 10 5 cells/well in 24-well plates. The following day, cells were transfected with the siRNA for Mef2c using X-tremeGENE siRNA transfection reagent. Cells were maintained in MEM supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 1% penicillinstreptomycin for 72 hours after transfection. Cells were treated with 10 28 M PTH (1-34) for 4 hours and collected for RNA analysis.
Immunoprecipitation
UMR cells were lysed with radioimmunoprecipitation assay buffer [50 mM Tris-HCl, pH 7.4, 10 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and protease inhibitors]. Lysates were precleared with protein A/G-agarose beads (Santa Cruz Biotechnology, Dallas, TX) for 1 hour at 4°C and then 0.3 mg of total protein lysate was immunoprecipitated overnight with specific antibodies, or with control immunoglobulin G (IgG; Santa Cruz Biotechnology).
Western blot analyses
UMR cells were treated with 10
28 M PTH-(1-34) for 30 minutes and lysed with radioimmunoprecipitation assay buffer. Amounts of total protein were determined by the Bradford dye binding (Bio-Rad, Hercules, CA) method. The proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred electrophoretically to polyvinylidene difluoride membranes (Bio-Rad). After blocking with 5% (w/v) nonfat dry milk in Tris-buffered saline buffer containing 0.1% Tween 20, the membranes were exposed to primary antibody (Abcam Inc., Cambridge, United Kingdom, for MEF2C) overnight at 4°C. The following day, after washing, the membranes were exposed to horseradish peroxidaseconjugated secondary antibodies. The immunoreactive signals were visualized using an enhanced chemiluminescence detection kit (Amersham Bioscience, Piscataway, NJ).
Quantitative real-time polymerase chain reaction
Total RNA was extracted using TRIzol (Sigma, St. Louis, MO). Complementary DNA (cDNA) was synthesized from 0.25 mg of total RNA using a TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA) with hexamer primers following the protocol described by the manufacturer. Gene expression levels were measured using SYBR Green polymerase chain reaction (PCR) Reagents (Applied Biosystems). Primer pairs used for quantitative detection of gene expression are listed in Table 1 . The quantity of messenger RNA (mRNA) was calculated by normalizing the threshold cycle value (Ct) of specific genes to the Ct of the housekeeping gene b-actin for mouse primary cells or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for UMR 106-01 cells.
Luciferase assay
UMR 106-01 cells were seeded at a concentration of 1 3 10 5 cells/well in 12-well plates and transfected with 100 ng of Mmp13-Luc reporter promoter construct, 1 ng pRL-TK (for some experiments), and 50 ng pcDNA-Myc-Mef2c. The latter plasmid was kindly provided by Eric Olson (University of Texas Southwestern Medical Center). After 48 to 72 hours, the cells were treated with PTH for 6 hours. The lysates were analyzed for luciferase activity using the luciferase assay reagent (Promega). Luciferase activity was measured using an Optocomp II luminometer (MGM Instruments) or GloMax-multidetection System (Promega).
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were carried out using a ChIP assay kit (Upstate Biotechnology, Lake Placid, NY), following the supplier's instructions. UMR 106-01 cells were treated with 10 28 M rat PTH(1-34) for 4 hours and subsequently incubated in 1% formaldehyde for 10 minutes. The cells were then washed in ice-cold phosphate-buffered saline containing protease inhibitors and 1 mM PMSF and suspended in SDS-lysis buffer containing protease inhibitors and PMSF for 10 minutes on ice. The samples were sonicated on ice with four 10-second pulses with 20-second intervals. Following centrifugation for 10 minutes at 14,000g, the supernatants were collected and diluted with ChIP dilution buffer containing protease inhibitors and PMSF. For PCR analysis, aliquots (1:100) of total chromatin DNA before immunoprecipitation were saved (input). After preclearing with protein A/G-agarose beads, the supernatants were collected for overnight incubation at 4°C with the antibodies of interest. The beads were collected and sequentially washed with the following buffers: low-salt wash buffer, high-salt wash buffer, LiCl wash buffer, and twice with Tris-EDTA buffer. To elute DNA, samples were incubated in 200 mL of elution buffer (1% SDS and 0.1 M NaHCO 3 ) for 1 hour at room temperature. The supernatant from each elution was collected and incubated at 65°C for at least 5 hours to reverse cross-links after the addition of 8 mL of 5 M NaCl. The next day, the samples were digested with RNase A and proteinase K at 45°C for 2 hours, and DNA was purified by phenol-chloroform extraction. The DNA was precipitated with 2.5 volumes of ethanol using 1 mL of 20 mg/mL glycogen as carrier. The input lysates were also processed as described previously. The DNA then was amplified using realtime PCR. The data obtained were analyzed using the equation, 2[(DCt IgG 2 Ct Input ) 2 (Ct Ab 2 Ct Input )], where IgG is the normal IgG, Ab is the specific antibody, and Input is the input genomic DNA.
Gel shift assay
The DNA sequences of the oligonucleotides used for gel shift assays were as follows: RD site, GTTCTGCCACAAACCACACGTACGA; and AP-1 site, CCAAGTGGTGACTCATCACTAT.
The DNA oligonucleotides were labeled using a Biotin 3 0 end DNA Labeling Kit (Pierce Biotechnology Inc.). The nuclear extracts from pcDNA-Myc-Mef2c-transfected UMR 106-01 cells (NE-PER nuclear and cytoplasmic extraction reagents; Pierce) and biotin-labeled DNA probe were incubated in binding buffer for 20 minutes at room temperature using a LightShift Chemiluminescent EMSA kit (Pierce Biotechnology Inc.). Protein-DNA complexes were separated on 6% polyacrylamide gels in 0.53 TBE buffer, and transferred onto Biodyne B Nylon membranes (GE Healthcare, Bronx, NY). The membrane was blocked in blocking buffer, washed five times with wash buffer, and visualized by a Chemiluminescent Nuclear Acid Detection Module (Pierce Biotechnology Inc.). Two hundred-fold molar excess of unlabeled Mmp13 promoter oligonucleotides were used as competitor DNA.
Statistical analysis
Statistical differences between means were calculated using Student t test or two-way analysis of variance using IBM SPSS (version 22, Armonk, NY). Results are expressed as mean 6 standard error (SE) and P , 0.05 was considered significant.
Results
MEF2C is required for Mmp13 gene expression
To examine whether MEF2C is required for Mmp13 gene expression, we performed knockdown by siRNA transfection in mouse primary calvarial osteoblasts. The 30% repression of Mef2c mRNA expression by siRNA (Fig. 1A ) resulted in a 45% reduction in Mmp13 mRNA (Fig. 1B) . These data suggest that MEF2C is necessary for basal Mmp13 mRNA expression in primary mouse osteoblasts. To investigate whether MEF2C participates in PTH-stimulated Mmp13 gene expression in osteoblastic cells, Mef2c expression was transiently knocked down in the rat osteoblastic osteosarcoma cell line, UMR 106-01, by siRNA transfection. First, experiments tested the efficiency of Mef2c siRNA to knock down 
1C).
Mef2c is the most highly expressed MEF2 member in these osteoblastic cells. Repression of Mef2c expression by siRNA was confirmed at both the RNA and the protein level; an average of 40% knockdown in Mef2c RNA ( Fig. 1D ) and more than 65% knockdown in protein expression (Fig. 1E ) was observed. It is notable that PTH causes a decrease in Mef2c mRNA levels. In UMR cells transfected with Mef2c siRNA, the increase in Mmp13 mRNA in response to PTH was diminished by 55% compared with cells with control scrambled siRNA (Fig. 1F ), but even the basal expression was decreased by Mef2c knockdown; thus, MEF2C appears to be necessary for basal and PTH-regulated Mmp13 mRNA expression and PTH regulates Mef2c expression. PTH treatment not only downregulated Mef2c mRNA ( Fig. 1D ), but also caused MEF2C proteins to migrate more slowly at 2 to 6 hours, likely indicating structural modification, and abundance decreased in the nucleus after 6 hours of PTH treatment (Fig. 1G ).
MEF2C is necessary for Mmp13 promoter activity; binding of MEF2C to the Mmp13 promoter was transiently increased by PTH treatment Mmp13 promoter reporter analysis was performed to determine if MEF2C would directly regulate Mmp13 promoter activity. In UMR 106-01 cells in which Mef2c Figure 1 . MEF2C is required for Mmp13 gene expression and PTH regulates Mef2c. Primary mouse osteoblastic cells were transfected with 60 nM Mef2c siRNA or scrambled siRNA. Total RNA was isolated and amplified via real-time reverse transcription PCR. Relative levels of (A) Mef2c or (B) Mmp13 mRNAs (mean 6 SE) were normalized to b-actin. *P , 0.05, **P , 0.01 vs scrambled control, n = 3. (C) Expression of Mef2 RNAs after Mef2c knockdown. UMR 106-01 cells were transfected with 60 nM Mef2c siRNA or scrambled siRNA. Seventy-two hours after transfection, relative levels of the mRNAs (mean 6 SE) were normalized to Gapdh. **P , 0.01 vs scrambled control, n = 3. (D) UMR 106-01 cells were transfected with Mef2c siRNA or scrambled siRNA. Cells were treated with 10 28 M PTH-(1-34) for 4 hours and collected for RNA analysis. Relative levels of Mef2c mRNA (mean 6 SE) were normalized to Gapdh. *P , 0.05, **P , 0.01 vs control or PTH-treated scrambled set, n = 3. (E) Western blot of MEF2C. Cells were treated with PTH for 30 minutes and whole cell lysates were collected for protein expression analysis. Protein samples were separated using 8% SDS-PAGE and immunoblotted with antibodies against MEF2C and b-actin as indicated. (F) After transfection, cells were treated with PTH for 4 hours and collected for RNA analysis. Relative levels of Mmp13 mRNA were normalized to Gapdh. Data shown are mean 6 SE. *P , 0.05, **P , 0.01 vs control or PTH-treated scrambled set, n = 3. (G) UMR 106-01 cells were treated with or without PTH at indicated times and nuclear extracts were collected for protein expression. Protein samples were separated using 8% SDS-PAGE and immunoblotted with antibodies against MEF2C and CDK2 as indicated. doi: 10.1210/en.2017-00159 https://academic.oup.com/endoexpression was reduced by siRNA transfection, a substantial decrease was found in the promoter activity of Mmp13 (rat Mmp13; 2148/+14) with or without treatment with PTH ( Fig. 2A) . Thus, MEF2C is necessary for both basal and PTH stimulation of Mmp13 gene transcription.
To determine whether MEF2C could physically bind to the Mmp13 proximal promoter (2205/24), we performed ChIP assays after 2, 4, and 6 hours of PTH treatment. We found that there was a cycle of initial decrease in binding at 2 hours followed by an increase at 4 hours, and then a return to lower basal levels at 6 hours (Fig. 2B) . Figure 2C shows that increased binding of MEF2C was specific at the proximal promoter and was not observed at a distal (21240/2969) region of MEF2C 969) region, which has no elements involved in PTH regulation and has been previously used by us as a negative control region for ChIP assays (13) . In fact, Ct values at this latter site were in the 34 to 35 range, indicating minimal binding of MEF2C at this site.
MEF2C associates with the AP-1 site of the Mmp13 promoter MEF2 factors activate transcription via binding to a consensus A/T-rich cis-element. Within the Mmp13 proximal promoter (2148/+14), the only A+T rich element is the TATA box (CTATAAAATAGA), but if we mutate this region, it is likely that all transcriptional activity will be abolished. Because the RD (2132/2128) and AP-1 (248/242) sites are essential elements in PTHinduced transcriptional activation of Mmp13 (9-11) and HDAC4 associates with this region, we determined whether MEF2C associates with the RD or AP-1 sites. To identify the MEF2C response element in the Mmp13 proximal promoter, nuclear extracts were prepared from PTH-treated and Mef2c-transfected UMR 106-01 cells, and electrophoretic gel mobility shift assays were performed with Biotin-labeled RD or AP-1 site probes. Figure 3A shows that the binding of MEF2C to the AP-1 site increased dose-dependently with amount of Mef2c transfected into UMR cells. The binding specificity of MEF2C to each site was examined by competing with excess unlabeled RD or AP-1 site oligonucleotide to the MEF2C-DNA complex. The antibody to MEF2C caused a substantial reduction of protein binding to the AP-1 site. On the other hand, it did not affect binding at the RD site (Fig. 3A) . Ablation of Mef2c decreased association of factors with the AP-1 site (Fig. 3B) . These results suggest that MEF2C associates with the AP-1 site and /or with other factors binding to this site and does not bind to the RD site or directly to Runx2 bound to the RD site, as far as can be assessed by electrophoretic gel mobility shift assay. We further tested the MEF2C response element by performing promoter-reporter assays and mutating the elements. UMR cells were transfected with or without MycMef2c in the presence or absence of PTH. The promoter activity was enhanced in response to PTH and was even further activated with added MEF2C (160%). Two nucleotides of the consensus RD or AP-1 sequences were mutated (Table 2 ). In comparison with the wild-type, however, the RD mutant had reduced promoter activity (approximately 43% with PTH treatment). With added MEF2C, the activity was enhanced by the same amount as the wild-type promoter (170%). On the other hand, the AP-1 mutant had almost entirely abolished basal and PTH-stimulated activity and the activity was unable to be stimulated in the presence of MEF2C (Fig. 4A) . To further examine whether MEF2C directly interacts with the Mmp13 promoter, the reporter assay was performed using MEF2C with the DNA binding domain mutated. Promoter activity continued to be enhanced, even with the mutation (Fig. 4B) . This result suggests that MEF2C binds indirectly to the Mmp13 promoter and acts through the AP-1 site. Figure 4C shows MEF2C protein levels with and without transfection in UMR 106-01 cells.
MEF2C binds c-FOS on the Mmp13 promoter after 4 hours of PTH treatment
The AP-1 site binds dimers of the FOS and JUN families. Previously, our laboratory showed that PTH induced c-fos and c-jun transcription and increased binding of these at the AP-1 site, and association with Runx2 already bound to the RD (9, 11). Here, we found that MEF2C coimmunoprecipitated with c-FOS, but not c-JUN (Fig. 5A) . Overall, our results indicate that MEF2C associates with the AP-1 site of the Mmp13 promoter; this effect appears to be through interaction with c-FOS. To determine alterations of c-FOS interaction with the Mmp13 promoter region after PTH treatment, we performed ChIP assays after 0.5, 2, 4, and 6 hours of hormone treatment. We found that binding of c-FOS to the Mmp13 promoter increased and reached a peak at 4 hours and returned to basal lower levels by 6 hours (Fig. 5B) . We next performed ChIP-reChIP experiments to determine if MEF2C associates with c-FOS on the Mmp13 promoter region and if the interactions are influenced by PTH treatment. The reChIP result showed that PTH treatment for 4 hours increased the association of endogenous MEF2C and c-FOS at the proximal Mmp13 promoter region (Fig. 5C ). On the other hand, ChIP-reChIP showed that PTH treatment did not change the association of MEF2C and c-JUN (Fig. 5D) , whereas association of c-FOS and c-JUN was increased (Fig. 5E) , again suggesting that association of MEF2C and c-JUN is indirect and showing that c-FOS and c-JUN proteins form a complex at the Mmp13 promoter. These results indicate that, after PTH treatment, MEF2C binds to c-FOS at the AP-1 site of the Mmp13 promoter and this is substantially increased over basal.
MEF2C is involved with binding of HDAC4 and p300 at the Mmp13 promoter
Because cofactors HDAC4 and p300, which act as transcriptional repressor and activator, respectively, have been reported to interact with the MADS/MEF2 domain of MEF2, we investigated whether HDAC4 or p300 28 M PTH (1-34) for 2 hours were subjected to gel mobility shift analyses using biotin-labeled oligomers corresponding to RD or AP-1 sequences of the rat Mmp13 promoter as shown in Table 1 . Binding specificity of the complex was verified in competition experiments performed with a 200-fold molar excess of unlabeled oligomers (lanes 4 and 9). An antibody against MEF2C was added to the incubations in lanes 5 and 10. (B) UMR 106-01 cells were transfected with 60 nM Mef2c siRNA or scrambled siRNA. The nuclear extracts from the cells treated with PTH for 2 hours were subjected to gel mobility shift analysis. associates with MEF2C at the Mmp13 promoter and are affected by PTH treatment. Repression of Mef2c expression by siRNA decreased HDAC4 (Fig. 6A) or p300 ( Fig. 6B ) association with the Mmp13 promoter using ChIP assays. These results demonstrate that HDAC4 or p300 bind to the Mmp13 promoter and MEF2C is involved with this association. Because MEF2C does not appear to bind to the RD site of the Mmp13 promoter by gel shift and promoter analyses (Figs. 3 and 4 ) and yet its knockdown affects HDAC4 association, we conclude that MEF2C stabilizes the complex of HDAC4 or p300 association with RUNX2. Interestingly, MEF2C seems to inhibit Hdac4 gene expression (Fig. 6C ), because this is increased with Mef2c knockdown.
MEF2C and HDAC4 exist as a complex on the Mmp13 promoter, which interaction was decreased after PTH treatment Because MEF2C has been shown to be repressed by its association with HDAC4 in cardiomyocytes (17) and chondrocytes (21) and HDAC4 represses Mmp13 promoter activity (12), we investigated if this association also occurred on the Mmp13 promoter in osteoblastic cells. We performed ChIP-reChIP experiments to determine if MEF2C associates with HDAC4 on the Mmp13 promoter region and if the interactions are influenced by PTH treatment. The cross-linked chromatin from untreated or PTH-treated cells was immunoprecipitated with the first antibody (MEF2C); the resulting immunocomplex was then eluted and further subjected to immunoprecipitation with the second antibody (HDAC4). The reChIP result indicates that endogenous MEF2C associates with HDAC4 at the proximal Mmp13 promoter region under basal conditions and after PTH treatment this association was decreased (Fig. 7A) . These results showed the simultaneous recruitment of MEF2C and HDAC4 to the Mmp13 proximal promoter region and after PTH treatment, HDAC4 dissociates from MEF2C. The binding of RNA pol II, a positive control for active promoters, was increased after PTH treatment (Fig. 7B) . These results are similar to our previous observations that HDAC4 also associates with Runx2 on the Mmp13 proximal promoter and this association declines with PTH treatment (12) .
The interaction of MEF2C and p300 on the Mmp13 promoter was increased after PTH treatment
It is known that once released from HDACs, MEF2C is then able to associate with the coactivator, p300, which stimulates MEF2-dependent genes (20) . To investigate if the interaction between MEF2C and p300 are changed by PTH treatment on the Mmp13 promoter in osteoblastic cells, we performed ChIP-reChIP experiments. The reChIP result shows that the association between MEF2C and p300 on the Mmp13 promoter was strongly increased after PTH treatment (Fig. 8A) . However, the association of MEF2C with another histone acetyltransferase that is closely related to p300, CBP, was not changed after PTH treatment (Fig. 8B) . Last, the association with Runx2 was poor and slightly increased by PTH treatment (Fig. 8C) . Thus, PTH causes release of HDAC4 from both Runx2 and MEF2C and p300 is recruited to bind both transcription factors on the Mmp13 proximal promoter (Fig. 9 ).
Discussion
In this study, we have shown that MEF2C participates in PTH-stimulated Mmp13 gene expression in osteoblastic cells by increased binding to the Mmp13 promoter. The MMP13 is expressed by both terminal hypertrophic chondrocytes and osteoblasts and is necessary for bone remodeling (23) . Mmp-13 gene expression is highly stimulated by PTH in osteoblastic UMR 106-01 cells and primary osteoblasts (5, 6) , as well as in vivo (7). Previously, our laboratory has shown that there are PTHresponse elements, RD and AP-1 sites (the binding sites for Runx2 and c-FOS/c-JUN, respectively), in the Mmp13 promoter. Under basal conditions, HDAC4 binds Runx2 at the RD site, resulting in a repression of transcription. After PTH treatment, HDAC4 is phosphorylated and dissociates from Runx2 (12, 24) , which is then free to recruit HATs, especially p300, to activate transcription (13) . In addition to p300 and Runx2, another HAT, p300/P/CAF associates with p300 and Runx2 is required for PTH activation of Mmp13 transcription (25) . Many factors are involved in this "system," but the detailed mechanism is still not clear.
MEF2 proteins were originally studied in their role as transcription regulators of myogenic cells that interact with other transcriptional factors. MEF2C is one of a family of transcription factors important in muscle and cardiovascular development. However, it was reported that MEF2C controls bone development and chondrocyte hypertrophy (14) , adult bone mass by regulation of osteoclastic bone resorption (16) , and MEF2C is expressed in osteoblastic cells (UMR 106-01) and is a key osteoblast transcription factor, upstream of Runx2 and osterix (17). DNA was amplified by real-time PCR using primers for the rat Mmp13 proximal promoter region. Data shown are mean 6 SE. *P , 0.05, **P , 0.01, ***P , 0.001 vs control in each set, n = 3. (C) UMR 106-01 cells were treated with or without PTH for 4 hours. Cell lysates were collected for ChIP-reChIP assays with antibodies against MEF2C or IgG as a negative control for the first ChIP, and antibodies to c-FOS or IgG were used for the second immunoprecipitation. DNA was amplified by real-time PCR using primers for the rat Mmp13 proximal promoter region. Data shown are mean 6 SE. ***P , 0.001 vs control, n = 3. (D) Cell lysates were collected for ChIP-reChIP assays with antibodies against MEF2C or IgG as a negative control for the first ChIP, and antibodies to c-JUN or IgG were used for the second immunoprecipitation. (E) Cell lysates were collected for ChIP-reChIP assays with antibodies against c-FOS or IgG as a negative control for the first ChIP, and antibodies to c-JUN or IgG were used for the second immunoprecipitation. Data shown are mean 6 SE. *P , 0.05 vs control, n = 3.
To determine whether MEF2C participates in PTHstimulated Mmp13 gene expression in osteoblastic cells, we performed inhibition of endogenous MEF2C activity by use of siRNA molecules. We found that decreased endogenous MEF2C leads to a decrease in both basal and PTH-stimulated Mmp13 gene expression (Fig. 1B and 1F) and, in particular, appears to be required for the PTH regulation of the Mmp13 promoter ( Fig. 2A) . ChIP assays showed that MEF2C binding to the Mmp13 promoter is increased after 4 hours of PTH treatment. In addition, ChIP-reChIP assays demonstrated that the interaction between MEF2C and HDAC4 at the Mmp13 promoter is decreased after PTH treatment (4 hours), whereas the association with p300 is increased.
MEF2 proteins contain C-terminus transcriptional activation domains. MEF2C associates with a variety of transcriptional cofactors. Some cofactors stimulate MEF2 activity, whereas some factors repress MEF2 function. Class II HDACs bind the C-terminus domain and function as repressors (22) . The N-terminal extension of class II HDACs (HDAC4, 5, 7, and 9) contains binding sites for MEF2 and the binding motif is conserved from Caenorhabditis elegans to mammals (20) . It is known that HDAC4 associates with MEF2C and Figure 6 . MEF2C is necessary for HDAC4 and p300 binding to the Mmp13 promoter and negatively regulates HDAC4 expression. UMR 106-01 cells were transfected with 60 nM Mef2c siRNA or scrambled siRNA. Cells were treated with 10
28 M PTH-(1-34) for 4 hours and collected for ChIP assays or RNA analysis. ChIP assays were performed with antibodies against (A) HDAC4, (B) p300, or IgG as a negative control. DNA was amplified by real-time PCR using primers for the rat Mmp13 proximal promoter region. Data shown are mean 6 SE. * P , 0.05, ** P , 0.01, *** P , 0.001 between the indicated set, n = 3. (C) Total RNA was isolated and amplified via real-time reverse transcription PCR. Relative levels of Hdac4 mRNA were normalized to Gapdh. Data shown are mean 6 SE. *P , 0.05, **P , 0.01 between the indicated set, n = 3. Figure 7 . After PTH treatment (4 hours), the binding between MEF2C and HDAC4 to the Mmp13 promoter is decreased. UMR 106-01 cells were treated with or without 10 28 M PTH for 4 hours. (A) Cell lysates were collected for ChIP-reChIP assays with antibody against MEF2C, or IgG as a negative control for the first ChIP, and antibody to HDAC4 or IgG was used for the second immunoprecipitation. DNA was amplified by realtime PCR using primers for the rat Mmp13 proximal promoter region. Data shown are mean 6 SE. *P , 0.05 vs control, n = 3. (B) ChIP-reChIP assays with antibody against Pol II, or IgG as a negative control for the first and second ChIPs. DNA was amplified by real-time PCR using primers for rat Mmp13 proximal promoter region. Data shown are mean 6 SE. ***P , 0.001 vs control, n = 3.
represses its activity in cardiomyocytes. Calcium/calmodulindependent protein kinase forces HDAC4 to translocate to the cytosol, thereby activating MEF2C, whereas protein kinase A (PKA) triggers proteolytic cleavage of HDAC4, generating a repressor of MEF2C (18) . It is known that, similar to HDAC4, the transcription activator and HAT, p300, associates with the MADS/MEF2 domain of MEF2 (25) . After release of HDACs, MEF2 associates with the p300 coactivator and then stimulates MEF2-dependent genes. Indeed, we showed that, after PTH treatment, the association of p300 with MEF2C was increased on the Mmp13 promoter. MEF2C has been demonstrated to have a role in regulating other PTH-regulated genes, in particular sclerostin (encoded by the gene SOST). MEF2C controls SOST gene expression via binding to the SOST distal enhancer in UMR 106-01 cells (20) . PTH signaling appears to also influence another class IIa HDAC, HDAC5. Baertschi et al. (26) report that PTH stimulates HDAC5 dephosphorylation, nuclear translocation, and inhibition of SOST bone enhancer activity by masking MEF2C in UMR 106-01 cells. Also, Wein et al. (27) report that HDAC5 deficiency increases SOST enhancer MEF2C chromatin association using the osteocytic cell line, Ocy454.
To determine the mechanism of MEF2C action, we investigated the MEF2 response element on the Mmp13 promoter after PTH treatment. Previous work from this laboratory has shown that the PTH-responsive region is within the first 148 base pairs upstream of the transcriptional start site (9) . In the present paper, the reporter assay using the Mmp13 promoter construct (2148/+14) shows that siRNA for MEF2C suppressed Mmp13 promoter activity in UMR 106-01 cells. Thus, the MEF2C association site in response to PTH should also be within this region. It is known that MEF2 proteins bind to a consensus DNA-binding element [A/Trich DNA sequence; CTA (A/T) 4 TAG/A] as homo-and heterodimers and interact with other transcription factors to function as both positive and negative regulators of gene expression, in part through their association with class II Figure 8 . After PTH treatment (4 hours), the binding between MEF2C and p300 and Runx2 to the Mmp13 promoter is increased. UMR 106-01 cells were treated with or without 10 28 M PTH for 4 hours. Cell lysates were collected for ChIP-reChIP assays with antibody against MEF2C, or IgG as a negative control for the first ChIP, and antibody to (A) p300, (B) CBP, (C) Runx2, or IgG was used for the second immunoprecipitation. DNA was amplified by real-time PCR using primers for the rat Mmp13 proximal promoter region. Data shown are mean 6 SE. *P , 0.05, **P , 0.01 vs control, n = 3. Figure 9 . Proposed model depicting the mechanism of activation of Mmp13 promoter after PTH treatment. Under basal conditions, Runx2 is bound to the RD of the Mmp13 promoter and associated with HDAC4, resulting in a repression of transcription in osteoblastic cells. MEF2C is also associated with HDAC4 at the Mmp13 promoter. After PTH treatment, HDAC4 dissociates from Runx2 and MEF2C and the latter associates with c-FOS at the AP-1 site, the complex is then free to recruit HATs, especially p300 and P/CAF to activate transcription. MEF2C also associates with p300.
HDACs (25, 28) . Within the Mmp13 promoter reporter (2148/+14), the only A+T rich element is the TATA box (CTATAAAATAGA). Several studies have shown that overlapping sites for MEF2 and the TATA-binding site are contained in the mouse MRF4 promoter (29, 30) , the Xenopus MyoDa promoter (31) , and MEF2C and MEF2D can activate transcription of the XMyoDa promoter by binding to the TATA motif (32) . We examined whether MEF2C would bind to the TATA-binding site of the Mmp13 promoter but could not confirm it using gel shifts (data not shown). We observed that the association of MEF2C was increased dose-dependently at the AP-1 site using AP-1 site oligo nucleotides (Fig. 4A) . Further, the introduction of a mutation in the AP-1 site abolished Mmp13 promoter activity stimulation by MEF2C (Fig. 5) . These results indicate that MEF2C associates with factors binding to the AP-1 site and/or MEF2C binds to the AP-1 site for PTH stimulation of the rat Mmp13 promoter. It is notable that MEF2C does not appear to bind or act through RUNX2 bound to the RD. However, mutation of the DNAbinding domain of MEF2C did not abolish its enhancement of promoter activity, indicating it is acting through binding to another protein at the AP-1 site. UMR 106-01 cells contain a number of factors to activate the Mmp13 promoter in response to PTH (Figs. 2 and 6 ). There is a likelihood that MEF2C associates at the AP-1 site with some of these. The AP-1 site [TGA(C/G)/TCA] in the human, mouse, and rat Mmp13 promoters is a target for AP-1-mediated activation of transcription (33) (34) (35) . The AP-1 site binds dimers of the FOS and JUN families. We and others have also shown that c-Fos is a primary gene for transcriptional activation of matrix metalloproteinases (34, 36) . From the results of the current study, there is a likelihood that MEF2C binds to the AP-1 site of the Mmp13 promoter through binding c-FOS. In fact, we have demonstrated that MEF2C coimmunoprecipitates with c-FOS but not with c-JUN. The amount of MEF2C that coimmunoprecipitates with c-FOS is small. In UMR 106-01 cells, MEF2C is abundant but the ratio of association between MEF2C and c-FOS of the total MEF2C might be low. On the other hand, we could clearly see the relationship between MEF2C and c-FOS from immunoprecipitation of MEF2C and immunoblot of c-FOS. Enhanced Mmp13 transcriptional activity was maintained using MEF2C with a DNA binding domain mutation in the reporter assay. Together, these data suggest that MEF2C binds indirectly to the Mmp13 promoter; this result is consistent with our hypothesis that MEF2C binds to the promoter through c-FOS. We further showed that the association of MEF2C and c-FOS but not with c-JUN with the Mmp13 promoter was increased in response to PTH in the reChIP assays. There are several instances in which a protein interacts with one of these two proteins and not the other. Recently, we have reported that SIRT1 specifically associates with c-JUN on the Mmp13 promoter, but not with c-FOS (37) . Similar to our observations with MEF2C, MafB has been shown to interact with c-FOS and not c-JUN (38) .
Previous work in our laboratory has shown increased binding of c-FOS and c-JUN at the AP-1 site in response to PTH, but no substantial change in the amount of Runx2 binding to the RD site (9) . It has been demonstrated that Cbfa/Runt proteins interact directly with c-JUN and c-FOS (39) . PTH induces c-fos and c-jun transcription, newly synthesized FOS and JUN then occupy the AP-1 site of the Mmp13 promoter (9) and associate with Runx2 already bound to the RD (9, 11) . PTH also induces p300 HAT activity and recruits this enzyme plus P/CAF to Mmp13 promoter-bound Runx2 (13) . The distance between the RD and AP-1 sites is only 76 base pairs, so it is possible that MEF2C attaches to the Runx2/p300/PCAF complex; this might increase after PTH treatment because of increasing MEF2C binding to c-FOS at the AP-1 site. Here, we showed that HDAC4 interacts with MEF2C on the Mmp13 promoter. Although it indicates the possibility that HDAC4 is bound to both MEF2C and Runx2, the mechanism remains to be determined. We conclude that, in response to PTH, MEF2C increased binding of c-FOS and p300 directly or indirectly with Runx2 on the Mmp13 promoter. We speculate that MEF2C stabilizes the association of HDAC4 or p300 with Runx2. Many factors seem to be needed in the complex to regulate Mmp13 gene expression and deletion of one may destabilize the complex.
Our data also showed that PTH regulated Mef2c mRNA and protein levels. MEF2C protein migrated more slowly at 2 to 6 hours after PTH treatment and showed some degradation at 6 hours. Others have shown that Western blot for MEF2C yields two bands (40) , possibly reflecting alternative spliced variants of MEF2C (41) , phosphorylation (20) , or sumoylation (42) . Several papers have shown MEF2C phosphorylation results in positive or negative regulation. MEF2C is activated by extracellular signal-regulated kinase 5 and p38 mitogenactivated protein kinases via phosphorylation (Thr293, Thr300, and Ser387 in MEF2C) (43) (44) (45) . On the other hand, MEF2C is degraded after phosphorylation (Ser98 and Ser110) during cell-cycle progression (46) . PKA directly phosphorylates MEF2 (Thr20) to increase MEF2 DNA binding activity and support neuronal survival (47) . PKA also induces the generation of an N-terminal HDAC4 cleavage product (;28 kDa), which selectively inhibits MEF2 activity (18) . Our laboratory showed that PTH induces the PKA-dependent phosphorylation of HDAC4 in the nucleus of UMR 106-01 cells. This leads to its release from Runx2 bound to the Mmp13 promoter, and HDAC4 migrates from the nucleus to cytoplasm and is partially degraded (24) . There is a possibility that PTH regulates MEF2C through PKA, but this will require further investigation.
We have been investigating the mechanism of Mmp13 activation by PTH and found that PTH induces Fos and Jun synthesis, which then occupy the AP-1 site of the Mmp13 promoter (9) and associate with Runx2, which is already bound to the RD (11) . Runx2 recruits the HAT, p300, which then acetylates histone H4 and H3 (13) . Another HAT, P/CAF cooperates with p300 (its acetylation is increased by PTH treatment) and Runx2 to mediate PTH activation of Mmp13 transcription (14) . Many factors are involved in this system for regulation of Mmp13 gene expression by PTH. In the current paper, we investigated whether MEF2C also participates in this process. Here, we showed that MEF2C is required for Mmp13 gene expression in response to PTH in osteoblastic cells and associates with c-FOS, activating transcription through the AP-1 site of the Mmp13 promoter. In addition, PTH causes increased association of MEF2C with p300 while decreasing association with HDAC4 on the Mmp13 promoter. This complex then elicits transcription of the gene. Based on this work, we propose a model for Mmp13 upregulation by PTH in osteoblastic cells (UMR 106-01) (Fig. 9) . Because of the transient increase in MEF2C and c-FOS binding to the Mmp13 promoter and the evidence that MEF2C seems to be degraded in response to PTH, we hypothesize that the complex is transient and upon completion of its function, the complex quickly dissociates and returns to basal conditions.
